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Abstract Although metallic nanoparticles have been applied in various fields of
biomedical engineering research for quite some time, generating new biomaterials
with improved regenerative capabilities remains the cornerstone in tissue engineer-
ing and regenerative medicine. These materials, once implanted in patients, will ulti-
mately be invaded by endogenous cells, which emphasizes the relevance of surface
composition as a critical factor in determining the regenerative potency of a given
material. In this chapter, we present a brief revision on fundamental concepts and an
up-to-date overview for surface characterization of nano-engineered structures.

3.1 Introduction

Metal nanoparticles and functionalized metal nanoparticles, bimetallic nanoparti-
cles containing metals such as copper, nickel, silver, and gold, and non-metallic
nanomaterials have been widely used in diagnosis and therapeutics [1, 2]. The use
of nanomaterials in biomedical applications explodes the nanometric sizes of such
materials that confer unique physical and chemical properties. There are several
ways to determine the average size of a particle in solution [3, 4]. When a light
beam reaches a solution or colloidal dispersion, part of the incident radiation may be
absorbed, a part is scattered, and the rest is transmitted through the solution [5]. The
intensity, polarization, and angular distribution of the light scattered by a colloidal
dispersion depend on the size and shape of the particles, the interactions among them,
and the difference between the refractive indexes of the particles and the medium
[6, 7]. Light scattering measurements have gained relevance in determining the size,
shape, and interactions between the particles [8, 9].
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Dynamic light scattering (DLS), small angle X-ray scattering (SAXS), and small
angle neutron scattering (SANS) are the most used analytical techniques based on
scattering at small angles of the incident radiation [10, 11]. Such dispersion, regard-
less of their nature, produces a dispersion pattern, which contains structural infor-
mation of the sample [9, 12]. Whether we talk about visible light scattering (DLS) or
X-ray/neutrons (SAXS and SANS, respectively), we must consider that these types
of radiation have twomain ways of interacting with matter: absorption and scattering
[13, 14]. The dispersion can occur with or without the loss of energy, which leads to
the generation of scattering waves with different wavelength (i.e., Compton scatter-
ing, inelastic scattering) when there is energy transfer or equal wavelength (Rayleigh
scattering and Thomson scattering, elastic scattering) than the incident beam when
there is no energy transfer [15].

Rayleigh scattering (visible light) and Thomson scattering (X-ray and neutrons)
are generated when the incident radiation collides with the electrons without trans-
ferring energy [16]. This interaction produces coherent waves and an interference
phenomenon, which allows these to be recorded by a detector. The diffraction pattern
obtained allows the obtaining of structural information of the material from these
waves.

3.2 Small-Angle X-ray Scattering (SAXS) and Small-Angle
Neutron Scattering (SANS)

The SAXS and SANS are analytical techniques based on Thomson scattering that
allows the structural characterization of nanomaterials in the range of 1–100 nm
(nano to mesoscale) [17]. There are other scattering techniques for materials less
than 1 nm (ultra-small-angle X-ray scattering, USAXS) and greater than 100 nm
(wide-angle X-ray scattering, WAXS) [12, 18].

SAXS uses X-ray with wavelengths of 0.1–0.2 nm and allows characterizing the
size, shape, and morphology of synthetic and natural polymers, nanoparticles, and
biomaterials, while SANS technique uses neutrons with a wavelength of 0.5 nm
approximately and is widely used to study the size and structural dynamics of nano-
materials [12, 17]. Figure 3.1 top shows the fundamental setup of a SAXS and SANS
experiment.

When theSAXSandSANSexperiments are performed, the data that is recordedby
a detector. The detector records a scattering vector (q),which is defined by subtraction
of the scattering wave vector (k1) and scattering wave incident (k0). The q vector
presents elastic scattering, and the modulus of the scattered wave k1 is equal to k0.
The q vector is represented mathematically by the expression:

q(λ, θ) = (4π/λ)sin(θ) (3.1)
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Fig. 3.1 (Top) SAXS and SANS standard setup. (Bottom) PS-grafted Fe3O4 nanoparticles mea-
surements profiles, a SAXS b SANS bottom plots. Reproduced with permission from [19]

The intensity of scattering I(q) is expressed as a function of the scattered vector,
which depends on the wavelength (λ) of the incident beam and scattering angle (2θ ).
The intensity of scattering also is given by (3.2).

I (q) = N P(q)S(q) = ��p2V P(q)S(q) (3.2)

Here, N is the number of particles that scatter the incident beam and the terms
P(q) and S(q) represent the form factor and the structure factor, respectively [20].
The form factor is related to the size and shape of the object, and the structure factor
is related to the distribution of distances between a particle and its neighbors, being
this term an index of the state of aggregation of the sample.

P(q) = |
∫

(ρ(r) − ρS)exp(iqr)dr |2 (3.3)

For a monodisperse system containing spherical particles, the form factor P(q)
can be described by (3.4):

P(q) = (ρ − ρS)
2V 2

(
3J1(qR)

qR

)
(3.4)
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If we consider spherical particle having core–shell structure,

P(q) =
[
(ρ1 − ρ2)V 1

3J1(qR1)

qR1
+ (ρ2 − ρS)V (3J1qRqR)

]2

(3.5)

For an isotropic system, the structure factor S(q) can be described by (3.6),

S(q) = 1 + 4πn
∫

(g(r) − 1)(sin qR)/qRr2dr (3.6)

where g(r) is the radial distribution function; the above expression depends on the
relative position of the particles. For a diluted system, S(q) ~ 1.

In practice, the scattering spectrums of SAXS or SANS obtained of the irradiation
of samples diluted and monodisperses can be divided into three parts: low-q region,
intermediary-q region, and high-q region. The low-q region (the so-called Guinier
region) is the region to minimal scattering angles. The analysis of this region allows
obtaining for diluted and monodisperse solutions parameters such as radius of gyra-
tion (Rg) and the molecular weight (Mw).Mw of the nanoparticles can be obtained by
extrapolation of absolute data to I(0), while the Rg is obtained from the expression,

I (q) = I (0)exp
(
R2
gq

2/3
)

(3.7)

where the Rg is obtained from the slope (−R2
g/3) from plot Ln I(q) v/s q2. The above

expression is valid for any particle shapes [18].When it is known that the shape of the
nanoparticles is too elongated or flattened, similar expressions can be used to obtain
the corresponding radius [18]. In the intermediary-q region (the so-called Fourier
region), the pair distance distribution function can be determined. This phenomenon
is possible by an indirect Fourier transformation of the experimental form factor. The
calculation of this parameter gives us relevant information about the general shape
of the nanoparticle [21].

p(r) = 1/2πr2
∞∫

0

qP(q)sin(qr)dr (3.8)

The high-q region (the so-called Porod region) is the region at large scattering
angles. The data from this region is used to establish characteristics of the surface of
the nanoparticle, such as the surface-to-volume ratio and specific surface estimation
for small particles [21]. For this, it is necessary to obtain the so-called invariant Q.
The invariant Q is obtained by integrating the expression I(q)q2.

Q =
∞∫

0

I (q)q2 (3.9)
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The integration gives the value of invariant Q, which only depends on the volume
of the nanoparticle and not on its shape [17]. Additionally, with the invariant Q, it
is possible to obtain the Porod volume, which is generally 1.5 or 2 times the Mw

of the nanoparticle [22]. Along with this, if the Guinier approximation is used to
extrapolate the value of I(0), it is possible to calculate, along with the invariant Q,
theMw of the nanoparticle according to the expression Mw = I(0)/Q.

In addition to the Guinier and Porod approximations, there are other methods
to analyze samples of monodisperse and diluted nanoparticles. Among the simplest
practices described to perform parameter analysis from SAXS and SANS exper-
iments, we can mention the average size determination method (ADM) [23]. This
method is exclusively used for the determination of the size distribution and the shape
of particles in monodisperse systems and can be used with a model-free approxi-
mation or considering the use of one. In more complex cases, in which the particle
system is polydispersed, we can mention as methods of analysis the parametric dis-
tribution models (PDM), integral transform methods (ITM), and numerical methods
(NM) [23].

The parametric distribution models are the most straightforward methods used to
determine the size distribution in polydispersed nanoparticle systems. This method
assumes a parametric distribution of the size distribution, while the integral transform
methods and numerical methods assume a specific original form. Because the SAXS
and SANS techniques are highly specific in determining the distribution of sizes and
shapes of different types of nanoparticles, their use as characterization techniques
has increased sharply in recent years in scientific journals that have as scope the
application of nanoparticles in the biomedical area [24, 25].

3.3 SAXS, SANS, and Its Application in Biomedicine

3.3.1 Tailored Nanoparticles with Antiviral and Antibacterial
Activities

The use of nanoparticles as therapeutic agents for the control of various viruses and
pathogenic bacteria has taken high relevance in recent years due to thewide variety of
materials that can be used for their synthesis [26, 27]. Besides, most nanoparticles are
easy to synthesize and present a high ductility in the modification of surface physic-
ochemical properties, along with not being cytotoxic against normal mammalian
cells [28]. Currently, many reports show the use of functionalized nanoparticles as
antiviral and antibacterial properties [29, 30]. Nanostructures with antiviral activity
must have a specific size to be able to reversibly interfere with the virus–cell receptor
interaction (virustatic nanoparticles) [31]. Another type of antiviral nanoparticles is
the so-called virucidal nanoparticles, which acts irreversibly deactivating the action
of the virus [31]. One of the nanoparticles used for this purpose is the mesoporous
silica nanoparticles (mSiO2). Silva et al. established for the first time that the mSiO2
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nanoparticles have virucidal antiviral activity [32]. In their work, they synthesized
and characterized mSiO2 nanoparticles by SAXS, which functionalized with diverse
chemical groups on the surface to generate virucidal nanoparticles [33]. The use of
SAXS allowed establishing that the modification of the surface with different types
of substituents did not alter the uniformity of shape of the functionalized mSiO2

nanoparticles compared to non-functionalized ones (both presented a spherical shape
with a similar size distribution). Similarly, Sokolowski et al, complementing mea-
sures of SAXS and SANS, characterized anionic and cationic SiO2 nanoparticles
[33]. Yi et al. through time-resolved SAXS could establish the mechanism of growth
and the kinetics of formation of this mSiO2 nanoparticles, showing how the use of
this technique allowed characterizing structural changes during an increase in this
type of nanoparticles at the nanometer scale [34].

Other nanoparticles that have shownefficient antiviral activity are silver nanoparti-
cles (AgNPs).Wuithschick et al. using in situ SAXS could synthesize silver nanopar-
ticles and characterize the average radius of these. The use of SAXS allowed them to
standardize a method of synthesis of AgNPs with control of the size of these without
the use of stabilizers [35].

In the case of nanoparticles with antibacterial activity, the most accepted mecha-
nism of action of how nanoparticles inhibit bacterial proliferation is by their union to
the negatively charged cell surface, thus satisfying the denaturation of proteins and
causing cell death [36]. AgNPs are recognized for their antibacterial activity [37]. In
another work and using SAXS as a characterization technique of size distribution,
Wuithschick et al. developed the first selective post-synthesis method of fraction-
ation by the size of AgNPs synthesized in the same batch [35]. The evaluation of
the antibacterial activity of the fractions obtained showed that a smaller size of the
AgNPs enhances the antibacterial activity.

3.3.2 Nanoparticles and Cancer Therapies

Another biomedical application of nanoparticles has been their use in the detec-
tion, diagnosis, and targeted drug delivery of cancer cells [38, 39]. The use of gold
nanoparticles (AuNPs) in this field has expanded duemainly to its relatively easy sur-
face functionalization and its high specificity and permeability toward tumor cells
[40]. The high specificity and preferential accumulation in tumor cells present in
AuNPs and other metallic nanoparticles are strongly dependent on their size [41].
The above is due to the different permeabilization presented by healthy and tumoral
tissues [40]. By passive targeting, nanoparticles can enter into tumor cells due to the
enhanced permeability and retention (EPR) phenomenon that they present [42]. Le
Goas et al. synthesized and characterized AuNPs functionalized with various poly-
mers and copolymers to study their potential use as radiosensitizers in cancer therapy
[43]. The AuNPs and functionalized AuNPs were irradiated with multiple doses of
gamma rays to evaluate their capacity to generate reactive species against tumor cells.
Complementing measures of SAXS and SANS, they were able to fully characterize
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the effect of gamma irradiation on the structures of these nanoparticles [43]. SAXS
measurements showed that the metal core of the AuNPs did not undergo structural
modifications and SANSmeasurements showed that only the polymer crown of these
AuNPswas affected by radiation doses. Other nanoparticles used as cancer treatment
and characterized by SAXS and SANS have been the copper nanoparticles (CuNPs)
[44, 45] and AgNPs [46].

3.3.3 Proenzyme-like Nanoparticle

A proenzyme is an enzyme temporary inactivated physically or chemically, which
upon adequate external stimulus recovers its catalytic activity [47]. One of the few
examples of materials with this property for a future biomedical application in bio-
logical systems with high oxidative stress is the nanoparticles of Ce(OH)3. Bohn
et al. synthesized these nanoparticles and evaluated their catalytic activity against
the dismutation reaction of superoxide (O2

−) tomolecular oxygen (O2) and hydrogen
peroxide (H2O2) [48]. These nanoparticles acquire superoxide dismutase activity in
the presence of H2O2. Upon contact with H2O2, the content of Ce(III) decreases, the
nanoparticles of Ce(OH)3 becoming nanoparticles of the type CeO(2−X) type, which
present superoxide dismutase activity. To obtain this type of nanoparticles and that
these were stable at physiological pH, an innovative strategy of synthesis was used,
which consisted of using phytantriol, amyotrophic liquid crystal [48]. The charac-
terization by SAXS allowed determining the phase structure of the systems. The
SAXS curves displayed diffraction peaks, which confirmed that the samples were
assembled as a lyotropic liquid crystalline structure. The SAXS results suggested
that the nanoparticles were in the aqueous domains of the liquid crystalline systems.

3.4 X-ray Photoelectron Spectroscopy (XPS) and X-ray
Absorption Spectroscopy (XAS)

X-ray photoelectron spectroscopy (XPS) is one of the main techniques used in the
characterization of the biomaterial surface because of its responsibility for the suc-
cess or failure of a biomaterial device [49]. In addition to providing a composition,
it is possible to verify the chemical environment of the atoms of the sample surface
[50]. XPS technique is considered a relatively non-destructive, quite mature method,
increasingly used in different areas of biology, including cell, bacteria, and tissue
analysis, as well as bioengineering [51]. This susceptible surface technique is fre-
quently being used in the field of biomolecule characterization for application with
proteins, peptides, lipids, mucins, enzymes, and DNA [52, 53].

XPS is a technique based on the photoelectric effect, in which the surface to
be analyzed is irradiated with soft X-ray photons (conventional sources of Mg Kα
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(1253.6 eV) and Al Kα (1486.6 eV), or synchrotron radiation is used whose energy
can be chosen within specific intervals) [54]. When a photon of energy hν interacts
with an electron at a level with binding energy (BE), the energy of the photon is
entirely transferred to the electron, with the result of the emission of a photoelectron
withKE (kinetic energy). Figure 3.2 illustrates the photoelectric effect for an isolated
atom, where a photoelectron of the electronic layer K is emitted [55]. In this context,
when the Fermi levels of the sample and the analyzer are leveled, the sample work
function (ϕ) is replaced by the analyzer’swork function (ϕ). An additionalwork (ϕ) is
required to altogether remove the electron from the material to the so-called vacuum
level. In addition, (3.10) indicates that any change in the BEs will be reflected in
the KEs, which means that changes in the chemical environment of an atom can be
studied with changes in photoelectronic energies, supplying chemical information.
XPS can analyze all the elements of the periodic table except for hydrogen and
helium.

The kinetic energy of the photoelectron emitted can be written as:

K E = hν − BE − ϕ (3.10)

where KE kinetic energy of the photoelectron; hν: incident photon energy; BE:
binding energy; ϕ: sample work function.

For the analysis of the photoelectrons, hemispherical analyzers are used, which
are made up of two metal half-spheres, among which there is a potential difference.
The sample should be kept in an ultrahigh vacuum chamber to keep the sample
surface unchanged during data collection and to minimize the inelastic scattering
[56]. An electric field is generated between the half-beads of the analyzer due to
the potential difference applied. This electric field is responsible for selecting the
electrons that arrive at the analyzer with specific kinetic energy. At the input of the
analyzer, there are electrostatic lenses that have the function of focusing and delaying
the photoelectrons up to selected energy, called passing energy because they have
kinetic energy values too high to be deflected in the path inside the analyzer. At the
end of the electron trajectory, there is a multichannel detector, where each channel is

Fig. 3.2 Representation of the photoelectron emission process and Auger effect. Reproduced with
permission from [55]
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responsible for a range of energy. Thus, each electron detected in a specific energy
interval adds a count in the channel. Hence, the photoemission spectrum is obtained
as a function of kinetic energy (Fig. 3.2).

The primary information obtained in XPS measurements is the composition and
the chemical state of the atoms on the surface of the samples [56]. The intensity of
a given peak in the photoemission spectrum is proportional to the concentration of
corresponding atoms in the sample [57]. The XPS spectrum is formed by a series
of peaks, on a background, produced by the inelastic collisions of the electrons
that lose most of their energy before leaving the sample. The energy of the X-rays
used limits the electronic levels of each element that can undergo photoionization,
so they only photoemit the levels with the highest useful absorption section of the
incident photons. For each chemical element, a set of peaks is always observed at
characteristic energies that allow it to be identified, usually using the most intense
photoelectronic peak or central peak, to perform the quantitative and chemical state
analysis. In addition to this type of peaks, others may appear due to other processes
(Auger peaks), making the XPS spectrum sometimes complicated (Fig. 3.3).

The XPS chemical shift can be described as (3.11):

Ei
b = kqi +

∑
j

q j

ri j
+ E ref

b (3.11)

where Ei
b determine the XPS binding energy, k proportionality constant, qi charge of

the atom,
∑

j q j/ri j sum of Coulomb contributions from the neighbors at distance
ri j , E ref

b reference energy (e.g., metal). The inelastic mean free path corresponds to
the average distance that an electron with specific energy can traverse in a sample
before it undergoes an inelastic collision [56]. Figure 3.4 shows the dependence of
the inelastic mean free path with the kinetic energy of the electrons; this curve is also

Fig. 3.3 XPS spectrum of a
standard copper powder
sample acquired by Al Kα

and Mg Kα sources to
distinguish between XPS and
Auger peaks. Reproduced
with permission from [55]
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Fig. 3.4 Mean inelastic free
path (λ) as a function of the
kinetic energy of the
electrons for different
materials. The continuous
curve represents the
theoretical prediction, while
the points are experimental
data for some elements.
Reproduced with permission
from [58]

known as the universal mean free path curve [55, 56]. The XPS technique is widely
used in the characterization of nanometric materials because it has a high sensitivity
to the surface of the sample due to the short inelastic free path of the electrons inside
the solid.

3.5 XPS for Biomaterial Characterization
with Bio-pharm-med Applications

3.5.1 Biomaterial Biocompatibility and Their Use as Drug
Delivery

The scientific and technological development in the field of biomedicine seeks to
increase the effectiveness ofmedicines through new designs in their supply or admin-
istration systems of active substances. Challenges in drug delivery systems involve
the effective localization of therapeutic substances in preselected locations, and in
concentrations that maximize their effectiveness [59, 60]. Encapsulation of active
materials is widely used today in the medical, pharmaceutical, and cosmetic indus-
tries for the development of controlled release delivery systems [59].Many therapeu-
tically active molecules must be encapsulated in a system that prevents their degrada-
tion and guarantees their effective delivery in the corresponding biological medium.
Silk fibroin biomaterial-functionalized carbon nanotubes for high water dispersibil-
ity were presented by Sun et al. [61]. Multiwalled carbon nanotubes (MWCNTs)
functionalized with water-soluble silk fibroin (SF) were prepared via chemical mod-
ification, showing low in toxicity. Additionally, a methyl thiazolyl tetrazolium assay
was performed to assess biocompatibility, and the results indicated the desirable bio-
compatible properties of MWCNTs due to SF functionalization (amino-terminated
groups). XPS results determine the chemical species introduced by the modification,
especially C=O, COOH groups, that help to improve their water dispersibility, trans-
formingMWCNTs in suitablematerials for applications in biological and biomedical
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systems and devices. In this field, Pawlik et al. reported the use of amorphous TiO2

(am) layers modified with 3-aminopropyltriethoxysilane (APTES), as drug delivery
systems and scaffolds for cell culture [62]. However, the use of NaOH enhanced the
ibuprofen release from TiO2 am layers, improving the metabolic activity of adhered
cells compared with the non-modified and NaOH-modified TiO2 layers (Nam). XPS
showed a substantial difference before (TiO2-am, and Nam) against APTES modi-
fication (ANam). The presence of Si 2p and N 1s peaks and a slight increase in the
intensity of the C1s peak for the sample modified with APTES, confirming that the
two-step modification (NaOH and APTES) procedure was applied effectively [62].

Urothelial diseases (UD) were studied using bilayer swellable drug-eluting
ureteric stent (BSDEUS) [63]. This new drug delivery platform technology was
applied for the treatment of UD, such as strictures and carcinomas. BSDEUS con-
sists of a stent spray-coated with a polymeric drug containing polylactic acid-co-
caprolactone (PLC) layer which is overlaid by a swellable polyethylene glycol
diacrylate (PEGDA)-based hydrogel. XPS measurements were performed on the
drug-and-PLC-coated stents to evaluate the effect of plasma treatment times on the
surface oxidation, indicating an increase in oxygen content at longer plasma duration.

3.5.2 Biomaterials Applied as Antimicrobials and Cancer
Agents

Different studies have evaluated the antimicrobial effect of various materials of bio-
logical origin; among these, chitosan, a natural polymer, biodegradable, non-toxic
in moderate concentrations, and bearer of some antimicrobial activity stands out as
one of the most recurrently used materials [64]. The antimicrobial effect of chitosan
is attributed to the chelating capacity and the presence of a positively charged amino
group that can interact with the compounds of opposite charge and which are present
on the surface of the microorganisms [60, 64].

Adjnik et al. examined the physicochemical properties of functionalized silicone
materials with antimicrobial coatings and chitosan over the surface [65]. The authors
found a strong influence of the use of silicones by drug-embedded chitosan nanopar-
ticles. Furthermore, in vitro drug release testing was used to follow the desorption
kinetics and antimicrobial properties were tested by a bacterial cell count reduction
assay using the standard gram-positive bacteria Staphylococcus aureus. XPS analysis
shows that the presence of nitrogen indicates that the chitosan nanoparticles with the
incorporated drug were attached to the silicone material, which confirms that they
are suitable materials to being studied as an antimicrobial agent. Antimicrobial pep-
tides (AMPs) were analyzed and presented by He et al, using a novel antimicrobial
surface by AMPs with improved stability [66]. The authors reported that antimicro-
bial peptide HHC36 with L-propargylglycine (PraAMP) to improve its salt-tolerant
activity and integrate this PraAMP onto the spacer molecule by click chemistry. XPS
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confirmed the success of the immobilization, observing that structural changes occur-
ring during the two synthetic processes, which improved the stability, particularly
an enhanced enzymolysis tolerance.

Duta et al. studied and demonstrated that the post-deposition thermal treatment
of new bioactives, antimicrobial and adherent coatings of nanostructured carbon
double-reinforced with silver promotes a higher amorphization and an increase of
the sp2/sp3 C species ratio [67]. Moreover, no contaminants were detected inside
deposited structures. XPS was also applied to determine the structural composition
of combinatorial maps fabricated from chitosan and biomimetic apatite powders for
orthopedic applications, validating the chemical composition of the C-MAPLE thin
films [67]. Accordingly, the survey spectra acquired on the surface of CHT-BmAp
samples exhibit: C 1s, O 1s, N 1s, Ca 2s, Ca 2p, P 2s, and P 2p photoelectron peaks.
The atomic ratio (N 1s/N 1s+Ca 2p) is decreasing from CHT to BmAp compounds,
indicating the composition gradient of combinatorial layers. On the other hand, the
Ca 2p/P 2p ratio for CHT-BmAp compounds varied between 0.9 and 1.03 along the
sample length [67].

Recently, Fojtu et al. report the synthesis of black phosphorus nanoparticles
(BPNPs) and exploration of their applicability in targeted drug delivery [68]. BPNPs
are loaded with platinum agents—cisplatin and oxaliplatin and explored the applica-
bility of BP loaded with two commercial platinum anticancer agents, cisplatin (CP)
and oxaliplatin (OP). The binding abilities of cisplatin and oxaliplatin to the FLBP
surface were examined by wide scan XPS. The peaks from 72.5 to 76.5 eV con-
firmed the presence of Pt–P bonds in CP- and OP-bound BP. The binding between
OP and BP was much stronger than that between CP and BP because of the presence
of 1,2-diaminocyclohexane and a new oxalate group in OP. Thus, BP–OP presented
higher cytotoxicity when assessed in the human ovarian cancer cell line A2780 after
treatment for 24 h. Todea et al. investigated the used XPS to analyze new solid forms
of antineoplastic agent 5-fluorouracil (5-FA) with anthelmintic piperazine [69]. The
authors emphasized that XPS allows to elucidated information on the atomic envi-
ronments of 5-FA, where the deconvolution of N 1s core level allows to determine
undoubtedly that the protonated (salt) from hydrogen-bonded (co-crystal) nitrogen
species [69].

3.6 X-ray Absorption Spectroscopy (XAS)

The X-ray absorption spectroscopy technique allows studying the local atomic struc-
ture around an individual atom [70]. This technique has been used in the character-
ization of nanometric materials to provide electronic information (oxidation state
and density of unoccupied states) and structural (interatomic distances, coordina-
tion number, and structural disorder) around a specific atom [71]. An essential point
in the use of the XAS technique is the possibility of in situ measurements, that is,
measurements performed during reactions at different temperatures and with varying
atmospheres of gas interacting with the sample.
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The use of theXAS technique requires the use of high-brightness, monochromatic
radiationwith enough energy for each element that is analyzed (chosen by varying the
angle of incidence of the polychromatic radiation in a monochromator crystal) [71].
Hence, the synchrotron radiation emitted when charged relativistic particles (usual
electrons with energy between 100 MeV and 10 GeV) are deflected by magnetic
fields is essential for performing XAS measurements. This radiation covers a wide
range of the electromagnetic spectrum, from infrared to hard X-rays. Synchrotron
radiation has a brightness thousands of times higher than the radiation produced by
conventional X-ray tubes. The XAS technique consists of measuring the absorption
coefficient of X-rays as a function of the energy of the incidentmonochromatic beam.
The X-ray absorption coefficient measured in the XAS experiment can be described
by the Beer–Lambert Law (3.12):

I = I0e − μx (3.12)

where I—transmitted beam intensity; I0—incident beam intensity; μ—material
absorption coefficient; x—sample thickness. When a beam of X-rays of intensity
I0 passes through a material of thickness x, the transmitted beam has its intensity
reduced due to various phenomena of X-ray interaction with matter. However, for
this energy range of incident radiation, the most important aspect is the absorption of
photons through the photoelectric effect. The absorption coefficient presents direct
dependence on the energy of the incident X-rays, decreasing with the increase in
the energy of the incident photons. It can be observed that in specific energies there
is a rapid increase in the coefficient of absorption. The region in energy where this
increase occurs is called the absorption edge and is characteristic of each element.

Considering an isolated absorber atom, that is, without any near neighbor atom,
the theoretical absorption spectrum after the edge must be a smooth-type drop with-
out oscillations [72]. However, when the absorber atom has several close neighbors
(Fig. 3.5), oscillations are observed after the absorption edge.These oscillations occur
due to the scattering of the photoelectrons by the atoms neighboring the absorber
atom, creating interferences between the backscattered wave function by the neigh-
boring atoms with the wave function emitted by the absorber. The interferences
may be constructive or destructive and produce the oscillations observed after the
absorption edge.

Fig. 3.5 Schematic of the EXAFS effect: The photoelectron ejected from the X-ray absorbing atom
is scattered by different configurations of neighbors. Adapted with permission from [72]
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The absorption of a photon occurs when the energy of the incident beam (hν) is
greater than or equal to the bonding energy of the electrons (Eb), that is, hν ≥ Eb.
When the incident beam has energy hν smaller than the bonding energy (Eb) of an
electron, or, i.e., hν < Eb, the emission of photoelectrons of this layer does not occur
[72, 73]. However, when the energy of the incident beam is higher than the Eb of the
electrons (hν > Eb), the photoelectron has kinetic energy (Ek) and is scattered by the
potential of the neighboring atoms. The photoelectron emitted can be considered as
a spherical wave of wavelength (3.13):

λ = 2πk (3.13)

where k is the photoelectron wave vector (3.14)

k = 2π

h

√
2meEk = 2π

h

√
2me(hv − Eb) (3.14)

χ(k) =
∑
j

A j (k) sin
(
2kr j + �j (k)

)
(3.15)

m is the mass of the electron and � = h/2π (h is the Planck constant) [72]. The
absorption spectrum is divided into two distinct energy regions, as shown in Fig. 3.6
as follows:

X-ray absorption near edge structure (XANES) involves a range of energy near
the absorption edge and up to 50 eV after the edge [72, 74]. In the XANES region,
the wavelength of the photoelectron is of the order of the interatomic distances, so
the free inelastic mean free path is broad, and multiple scattering occurs before it

Fig. 3.6 Transmission
spectrum at the Co K-edge as
a function of the photon
energy; d is the thickness of
the metal foil; μ(E) is the
absorption coefficient.
Reproduced with permission
from [74]
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returns to the absorptive atom (Fig. 3.6). In addition to the multiple scattering, the
XANES region allows transitions to unoccupied levels, so this technique will enable
us to obtain information about the oxidation state and the density of empty states of
the absorber atom.

The observed oscillations in the EXAFS region depend on the photoelectron
wavelength, the number of neighbors, atomic number, and position of the neighboring
atoms [75]. These oscillations of the EXAFS χ (k) region can be described as the
sum of the contribution from the scattering of the photoelectron in different layers j:

A j (k) = N j
e−2r j /λ(k)

kr2j
S20 (k)Fj (k)e

−2k2σ 2
j (3.16)

where, Nj—number of atoms present in layer j (coordination numbers); S20—ampli-
tude reduction factor; k—photoelectron wave vector; Fj(k)—backscatter amplitude
of the photoelectron with wave vector k (chemical sensitivity); σ j—Debye–Waller
factor; rj—distance between the scattering atom j and the absorber atom; �j k—
phase shift due to scattering, and λ(k) inelastic mean free path of the photoelectron
[75].

The term e−2r j /λ(k) has a dependence on the inelastic mean free path and repre-
sents the attenuation of the wave associated with the photoelectron when it travels
through a solid. The exponential e−2k2σ 2

j provides the sample disorder through the
Debye–Waller factor, σ j, which includes contributions of thermal and structural dis-
order. Factor 2 in the exponentials and in the sine indicates that the photoelectron
traverses a closed path between the scattering atom and the absorber. The term 1/r2

reflects the fact that the photoelectron ejected from the atom behaves like a spherical
wave, where the intensity decreases with the square of the distance. The argument of
the sine function depends on k, R, and�jk; the value of�jk is simulated. The energy
loss processes are considered by the amplitude reduction factor S20. The scattering
amplitude Fj(k) is the probability of the wave function of the photoelectron with
wave vector k being scattered at a given angle by the neighboring atoms. Thus, the
analysis of EXAFS oscillations allows the obtaining of structural parameters such as
the number of neighboring atoms, Debye–Waller factor, and interatomic distances
[72, 75].

3.6.1 XAS for Biomaterial Characterization
with Bio-pharm-med Applications

A vast number of reports have been used X-ray absorption spectroscopy to charac-
terize and obtain information about the chemical state and neighborhood of the NPs
with strong bio-pharm-med applications [76, 77]. Recently, Rubina et al. reported the
use of AgNPs to understand the multifunctional interaction of the system collagen—
chitosan material containing silver nanoparticles and non-steroid anti-inflammatory
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Fig. 3.7 Fourier transforms
of EXAFS spectra for
CLH/IBU/AgNPs:
experimental (line) and
best-fit theoretical (open
circles) curves. Reproduced
with permission from [78]

drug ibuprofen [78]. In this work, they proposed the in vitro release of ibuprofen in
phosphate buffer, where the drug release to the solution is governed by Fickian diffu-
sion. The use of AgNPs does not affect the diffusion mechanism, showing that these
materials have no specific interactions of AgNPs with a collagen-chitosan scaffold
and ibuprofen detected (Fig. 3.7).

Ma et al. examined the atomically dispersed Fe–N4 sites anchored on N-doped
porous carbon materials (Fe-SAs/NC) [78]. These materials can mimic two antiox-
idative enzymes of catalase and superoxide dismutase and therefore serve as a bifunc-
tional single-atom-based enzyme for scavenging reactive oxygen species (ROS) to
remove excess ROS generated during oxidative stress in cells. Using XANES and
EXAFS, it was possible to investigate the local structure of Fe-SAs/NC at the atomic
level, suggesting that the valence state of Fe in Fe-SAs/NC was between+2 and+3.
Also, the obtained coordination number of Fe in the Fe-SAs/CNwas about 4, and the
bond length between Fe atoms and surrounding coordination atoms (N) was 2.01 Å,
corresponding to the first coordination shell of Fe–N.

XANES was also used to describe a multifunctional magnetic drug delivery sys-
tem made up of iron oxide nanoparticles (IONPs) and a Pluronic F127 shell, to
carry doxorubicin (DOX) for neuroblastoma treatment. Mdlovu et al. analyzed to
characterize the components of this system, where XANES was performed to under-
stand the fine structure arrangement, electronic configuration, stereochemistry, and
oxidation states in terms of bond distance and coordination number of Fe, demon-
strated an absorbance feature (Fe = 7112 eV) of a 1s to 3d transition. The 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) results proved that the
prepared nanocarriers were non-toxic when tested on BE–2–M17 cells [79].

During the last decade, several studies have reported the development of calcium
phosphate varieties, scaffolds with random or ordered porosity for anticancer and
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antibacterial treatment.Within this family, a newgeneration of biomaterialswithmul-
tifunctional europium(III)-dopedHap scaffolds has shown remarkable developments
[79]. The luminescent multifunctional biomaterials show potential for use in various
biomedical applications such as smart drug delivery, bioimaging, and photothermal
therapy [80]. XANES and EXAFS showed that Eu+3 ions were incorporated pref-
erentially at the Ca site with local charge compensating via oxygen interstitial ion
for samples calcined under air at 450 °C/4 h °C. This effect was due to two possible
phenomena: (i) reduction in the average coordination number of Eu(III) ions on the
samples produced in the presence of CTAB, or (ii) increase in the Debye–Waller
factor that can be associated with an increase in local intrinsic disorder induced by
CTAB interaction with cationic Ca2+ or PO4

3− ions [81].

3.7 Conclusions and Outlook

In this chapter, a short outline of the theory of SAXS, SANS, XPS, XANES, and
EXAFS, with some examples of state-of-the-art experiments and applications were
presented. In brief, neutron scattering determines the structure with unique pos-
sibilities to understand the atomic distribution at microscopic level and adsorbed
molecules in different biomedical applications. XPS offers the possibility to study
the surface sense with elemental composition and distribution of oxidation states,
with an analytical potential for synthesis and characterization of new biomaterials.
Synchrotron-based speciation with XAS offers unique features for the analysis of
chemical element species in biological samples. The use of synchrotron radiation
measures (XANES, EXAFS) highlighted the importance of the advanced techniques
to characterize these new biomaterials, especially under reaction conditions. It is
possible to explore the properties of atoms located at the surface or isolated with the
aim to understand the behavior under biological conditions.
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